The custodial Randall-Sundrum model based on SU(2) L × SU(2) R × U(1) B−L generates new flavorchanging-neutral-current (FCNC) phenomena at tree level, mediated by Kaluza-Klein neutral gauge bosons. Based on two natural assumptions of universal 5D Yukawa couplings and nocancellation in explaining the observed standard model fermion mixing matrices, we determine the bulk Dirac mass parameters. Phenomenological constraints from lepton-flavor-violations are also used to specify the model. From the comprehensive study of B → K * l + l ′− , we found that only the B → K * e + e − decay has sizable new physics effects. The zero value position of the forwardbackward asymmetry in this model is also evaluated, with about 5% deviation from the SM result.
I. INTRODUCTION
The standard model (SM) has been very successful in reproducing nearly all experimental data on the fundamental interaction among gauge bosons and fermions. Nevertheless, the SM is not regarded as a fully satisfactory theory since it cannot explain two kinds of hierarchy: One is the gauge hierarchy, and the other is the hierarchy among the SM fermion masses. In the SM, the hierarchies are attributed to the hierarchical parameters -the bare Higgs mass parameter for the gauge hierarchy and the Yukawa couplings for the fermion mass hierarchy.
Randall and Sundrum (RS) scenario with bulk fermion fields is one of the rare candidates to be able to explain both hierarchies [1, 2, 3, 4] . The gauge hierarchy problem is explained by a geometrical exponential factor. Small SM fermion masses, which are proportional to the overlapping probability of the bulk fermion wave function with the confined Higgs boson field at the TeV brane, can be generated with moderate values of the bulk Dirac mass parameters [5, 6, 7, 8, 9, 10] . Yet the naive bulk RS model suffers from the strong constraints of the electroweak precision data (EWPD): The first Kaluza-Klein (KK) mode mass should be above ∼ 20 TeV [11, 12, 13, 14] . This is due to the lack of SU(2) custodial symmetry.
In Ref. [15] , an attractive model was proposed such that the custodial symmetry is induced from AdS 5 /CFT feature of bulk gauge symmetry of SU(2) L × SU(2) R × U(1) B−L .
One of the interesting features of this model is new flavor-changing-neutral-current (FCNC) at tree level, mediated by KK gauge bosons [16] . This is due to the misalignment between the gauge eigenstates and the mass eigenstates: The five-dimensional (5D) Yukawa interaction is not generally flavor-diagonal. The fermion mass eigenstates of different generations can couple with KK modes of a neutral gauge boson, as one example is depicted in Phenomenologically meaningful question is whether we have reliable predictions for various FCNC processes. The SM fermion mass matrix M f ij answers, which is determined by two ingredients. One is the 5D Yukawa couplings λ f 5ij , and the other is the fermion mode function fixed by the bulk Dirac mass parameter c F . Unfortunately, there is no unique way to determine both ingredients only from the observed SM fermion masses and mixing matrices, albeit extensive studies presenting the feasibility of the generation of SM fermion masses by controlling the bulk Dirac mass parameters.
One reasonable approach is to adopt minimal and natural assumptions. In this paper, we have two basic assumptions. The first one is that the 5D Yukawa couplings are universal, i.e., λ 5ij ≃ λ 5 ∼ O(1). Small masses of the SM fermions are explained by suppressed zero mode functions. Second, we assume that when explaining the observed SM mixing matrices, Cabibbo-Kobayashi-Maskawa (CKM) and Pontecorvo-Maki-NakagawaSakata (PMNS) matrices, each of which is the product of two independent mixing matrices in this model, no order-changing by cancellation is allowed. Our choice has the least hierarchy, which is consistent with the main motivation of this model. Based on these two assumptions we examine whether all the bulk Dirac mass parameters as well as mixing matrices can be fixed, and whether we have reliable predictions for the phenomenological signatures of FCNC process such as B → K * l + l − [17, 18] . This is our primal goal.
In the quark sector, our two natural assumptions are to be shown enough to fix all the bulk Dirac mass parameters. In the lepton sector, there are some ambiguities due to the observed large mixing angles. We will examine the constrains from lepton-flavor-violating processes and determine the bulk lepton sector fairly accurately, which is one of our new results.
With the phenomenologically specified parameters, we will study the effect of the custodial bulk RS model on various observables of B → K * l + l − . This decay mode, especially with K * , has several virtues in the experimental aspect. As well as producing very clean signature, its branching ratio is larger than the decay into K. In addition, a vector boson 
In Sec. III, we formulate the bulk fermion sector, and determine all the bulk Dirac mass parameters based on our two natural assumptions. We will show the inevitable ambiguity in the lepton sector due to the large mixing angles. Section IV deals with the FCNC in this model. In Sec. V, we examine the lepton-flavor violating processes, and the new effect on B → K * l + l − . Unique and sensitive observables to this model are also proposed. We conclude in Sec. VI.
II. THE BULK RS MODEL: BASIC FORMULAE
The RS model is based on a 5D warped spacetime with the metric [1]
where the fifth dimension y ∈ [ 0, L] is compactified on the S 1 /Z 2 × Z 2 ) parity by (±, ±). In many cases, conformal coordinate z ≡ e σ(y) /k is more convenient:
With kL ≈ 35, the natural cut-off of the theory T ≡ e −kL k becomes at the TeV scale, which answers the gauge hierarchy problem:
We adopt the model suggested by Agashe et.al. in Ref. [15] , based on the gauge structure 
where the zero mode function is f
The massless zero mode is interpreted as a SM gauge field [3] . The general f (n)
A (z) function can be found in early references, for example, in Ref. [8] . The bulk fermion field Ψ(x, z) ≡ e 2σΨ is also expanded aŝ
Two zero mode functions are
where c is defined by the bulk Dirac mass m D = ck sign(y), and N
L is referred to Ref. [8] . Note that a massless SM fermion corresponds to the zero mode with (++) parity. Since Ψ L has always opposite parity of Ψ R , the left-handed SM fermion is the zero mode of a 5D fermion whose left-handed part has (++) parity. The right-handed part has automatically (−−) parity which cannot describe a SM fermion.
This characteristic feature of a bulk fermion in a warped model requires to extend the fermion sector. For each left-handed SM fermion, there should exist another bulk fermion whose right-handed part has (++) parity. Due to the gauge structure of
R fields have (−+) parity and couple two elements of a SU(2) R doublet, one of the SU(2) R doublet should have (−+) parity. As a result, the whole quark sector is
and lepton sector is where i is the generation index. Dirac mass parameters (c
the fermion mode functions, KK mass spectra, and coupling strength with KK gauge bosons.
III. THE SM FERMION MASSES AND MIXINGS

A. Basic Assumptions
On the TeV brane, the SM fermion mass is generated as the localized Higgs field develops its vacuum expectation value of H = v ≃ 174 GeV. The SM mass matrix for a fermion
where i, j are the generation indices, λ f 5ij are the 5D (dimensionless) Yukawa couplings and The mass eigenstates of the SM fermions are then
Note that the observed mixing matrix is a multiplication of two independent mixing matrices such that V CKM = U † uL U dL and U PMNS = U † eL U νL . Due to the lack of a priori knowledge of bulk Dirac mass parameters and 5D Yukawa couplings, it is not generally possible to deduce all of their information only from the observed fermion mass spectrum and mixing angles. The number of unknown parameters far exceed the number of observations. One of the best approach is to develop the theory based on a few sound assumptions. We have the following two natural assumptions:
1. For all fermions, 5D Yukawa couplings have a common value λ 5 of the order of one.
2. No order-changing by cancellation is allowed when the multiplication of two mixing matrices explains the observed mixing matrix.
For assumption-1, minor differences in λ 5ij are to be absorbed into mixing matrices. The top quark mass scale is naturally explained by v ≃ 174 GeV. Other small SM fermion masses are generated by controlling c's. The assumption-2 is consistent with the spirit of no fine-tuning. When we write the elements of mixing matrices below, only their order of magnitude does matter.
The assumption-1 leads to the following relation for the fermion mass matrix:
Since the left-handed up-type (u iL or ν iL ) and down-type (d iL or e iL ) belong to the same SU(2) L doublet and thus have the same c, Eq. (12) shows the proportionality of
Using the relation of
the proportionality in Eq. (13) helps determine the bulk Dirac mass parameters, if U f L is known.
B. Quark Sector Mass and Mixing
In the quark sector, assumption-1 and -2 are enough to fix the model due to the hierarchical masses and almost diagonal mixing matrix. Nine Dirac mass parameters (c Q i , c U i , c D i ) are fairly well determined [7, 8, 9, 10] . The assumption-2 can be easily satisfied if both U uL and U dL are CKM-type: The V CKM = U † uL U dL condition is naturally satisfied without any fine-tuned cancellation. We parameterize
where κ ij 's are complex parameters of the order of one. To avoid order changing during the diagonalization of matrix, we take
In the simplified Wolfenstein parametrization with λ ≃ 0.22, the CKM matrix is
With the observed SM quark mass spectra of
we get
Comparing two matrices in Eq. (18) based on Eqs. (13) and (14), we have
Therefore, the SM quark mixing matrices can be approximated as
The bulk Dirac mass parameters are determined, as in Ref. [8] ,
C. Lepton Sector Mass and Mixing
The Pontecorvo-Maki-Nakagawa-Sakata (PMNS) mixing matrix in the weak charged lepton current is approximately
0.4 0.6 0.7 0.4 0.6 0.7
where the current data constrains U e3 < ∼ 0.18 at 2 σ [19] . Since U PMNS = U † eL U νL , the elements of the (2, 3) block of U eL and U νL are of the order of one. In addition, the specific form of mass matrix in Eq. (12) allows only the normal mass hierarchy for the neutrino masses. The observed lepton masses are then
where δ = ∆m 2 sol /∆m 2 atm ≈ 0.173. Numerical estimation shows that δ ≃ U e3 in this model [8] . Then the condition of
νL from Eqs. (13) and (14) leads to
Using the unitarity condition of mixing matrices, U νL is well constrained as
Substituting
we have the following relations among F L (c L i ) from the definition in Eq. (12):
From the behavior of F L (c) in Fig. 2 , we have the following hierarchy:
The relation
The condition of u 21 + u 31 ≃ δ comes from the unitarity of U eL , i.e., U † eL U eL
13
= 0.
The matrix form of U eR is well determined due to the hierarchical charged-lepton masses.
We attribute F R (c E i ) to the source of the hierarchy. The right-handed lepton mixing matrix should have an approximately symmetric form of
Unlike in the quark sector, the lepton mass spectrum and mixing information are not enough to fix all the values of the bulk Dirac mass parameters for the SU(2) L doublet. We will resort to the phenomenological constraint from the lepton flavor violating decays of µ and τ to reduce the ambiguity below.
IV. FCNC THROUGH KK GAUGE BOSONS
In this model, the mass eigenstate of the SM fermion is a mixture of gauge eigenstates as in Eq. (11) . Since the 5D gauge interaction is flavor diagonal, we have FCNC mediated by KK gauge bosons. We denote W (n)
and B
(n)
X for the KK gauge fields of SU(2) L × SU(2) R × U(1) B−L , respectively. Their 5D gauge couplings (g 5L , g 5R and g 5X ) are related with the 4D effective couplings through
In terms of gauge eigenstates, the 4D gauge interactions with KK gauge modes are where
For later discussions we plotĝ (n) (c) as a function of c in Fig. 3 . Note thatĝ(c) vanishes
Another interesting feature is that the value ofĝ (n) (c) converges into −0.2 for c > ∼ 0.55. As c becomes less than 1/2, the value ofĝ (n) (c) increases rather sharply.
Considering the B → K * l + l − process, we focus on the mixing among the SM down-type quarks d i and the SM charged leptons e i , mediated by the n-th neutral KK gauge bosons in this model:
Xµ , where i, j are the generation indices (i, j = 1, 2, 3), and
V. FLAVOR VIOLATING PROCESS A. Lepton Flavor Violations
In this model, the flavor-violating interactions in Eq. (35) generates the lepton-flavorviolating decay of l → l ′ l ′′ l ′′′ at tree level, which is mediated by KK gauge bosons. Radiative lepton-violating processes such as µ → eγ does not happen at tree level. With negligible SM contributions, the bulk-RS effects become dominant for τ → 3e and τ → 3µ with the following experimental bound [20] :
where m Z is the SM Z boson mass. Here we consider only the major contributions from the lightest KK gauge boson since the bulk-RS effect is suppressed by the forth power of M (n)
We justify it for the case of M 
, and the second equality comes from Eq. (27) . We have also used 
where the second equality is from Eq. (29) . The saturating value |ĝ 1 | ≈ 0.2 suppresses the u 12 element of U eL to be very small, u 12 < δ 2 . In addition,ĝ 1ĝ2 δ < ∼ 10 −3 condition requireŝ
A = 2 TeV, the bound becomes even more strict: |c L 2 − 0.5| ≤ 0.002.
As a natural solution for the lepton bulk mass parameters allowed by the current leptonflavor violating processes, we choose
The FCNC decay B → K * l + l − has been observed with the branching ratio of the order of 10 −6 [17] , as well as the forward-backward asymmetry [18] . The total transition amplitude for b → sl
For the SM results, we refer to Ref. [21, 22] . For new physics contributions, we adopt the parametrization in Ref. [21] ,
Note that other new physics parameters (i.e., C LRLR ) vanish in this model.
The RS contributions can be written as
Since physical observables are strongly suppressed by M (n)
A , we consider only the first KK mode effect and we omit the KK mode number notation (n) in the rest of this section.
The preferred c Q 's in Eq. (21) and the CKM-type matrices U qL and U qR in Eq. (20) simplify K Q23 and K D23 as
where we have usedĝ(c
In Table I , we present the values of C LL , C RL , C LR , and C RR for b → sl
For representative purpose, we set M (21) and (42). The values of C XX ′ can be understood fromĝ: 
A = 2 TeV, κ Q,D = 1, and δ = 0.15. Brief comments on the sign of C XX ′ are in order here. The negative signs of C LL and C LR are due to positiveĝ(c Q 3 ), and negativeĝ(c L 1 ) andĝ(−c E 1 ) which dominantly contribute to K Lij and K Eij , respectively. The sign of C XX ′ for off-diagonal decays such as
is not determined since we could fix only the magnitude of elements of mixing matrices. In the magnitudes, only the C XX ′ 's for b → s e + e − are substantial. C XX ′ 's for decays involving
C LX is larger than C RX sinceĝ(c Q 3 ) is much larger thanĝ(c D 3 ).
In Fig. 4 , we present the differential branching ratio dBR/dq 2 as a function of q 2 for
We use the following values for the Wilson coefficients of the SM:
which correspond to the next-to-leading QCD corrections [23, 24] . The renormalization scale µ and the top quark mass are set to be
We follow Refs. [25] in taking into account the long-distance effects of the charmonium states.
For the form factors, we have used the light-cone QCD sum-rule method predictions [26] .
Throughout numerical analysis, we used the central values of the input parameters, and do not consider the theoretical uncertainty in the calculation of form factors. In Fig. 4 , the thick (red) line is the SM result, and the thin (blue) line is for the bulk RS model. We have used the allowed maximum value of C XX ′ 's with κ(= κ Q = κ D ) = √ 2 and M
(1) A = 2 TeV. As discussed in Ref. [21] , this BR distribution is most sensitive to C LL . Since our C LL for B → K * e + e − is negative, the result in this model is less than in the SM. The reduction can be maximally about 20% at some points. Unfortunately, the theoretical uncertainty of the form factors are known to be about 15% [26] . It would be quite challenging for experiments to probe this new physics effect from the BR distribution.
One sensitive observable to new physics is known to be the zero value position of the forward-backward asymmetry, i.e., A FB (ŝ 0 ) = 0. The forward-backward asymmetry A FB (ŝ) is defined by [28] . In our new model,ŝ 0 shifts to the positive direction:ŝ 0 can increase maximally about 18%. Experimental sensitivity is expected to reach this difference in near future. [29] . In Fig. 6 , we show the ratios as a function ofŝ in the SM and the bulk RS model. The thick (red) line is for the SM result, the thin (black) line for the RS result with κ = 1, and the normal (blue) line for the RS result with κ = √ 2. In the most range ofŝ, the RS result is far below the SM one. For maximally allowed value of C XX ′ with κ = √ 2, the deviation from the SM result can be about 20% for sizable range ofŝ. Even for moderate values of C XX ′ with κ = 1, the deviation reaches up to 7%. Moreover, as taking the ratio of differential decay rates, most of the hadronic uncertainty in the calculation of form factors disappears. This can be a quite clean signal for experiments.
In order to see the dependence of new physics effect on M
A , we present the ratio of two partially integrated decay rates for B → K * e + e − and B → K * µ + µ − . From the profile in The f -f ′ -A (n) vertex depends on two kinds of model parameters, the 5D Yukawa couplings and the bulk Dirac mass parameters. They also determine the SM fermion mass spectrum and mixing angles. Based on two natural assumptions of universal 5D Yukawa coupling and no-cancellation in explaining the observed SM fermion mixing matrices, we have obtained all the information on c's as well as mixing angles.
In the custodial bulk RS model with very specified fermion structure, we study FCNC process of B → K * l + l ′− . New physics effect is parameterized in the helicity amplitude as
, where X, X ′ = L, R. If C XX ′ 's have maximally allowed values, the differential decay rate of B → K * e + e − deviates from the SM result as much as about 20% at some q 2 . Unfortunately, the hadronic uncertainty in the form factors is large enough to sweep away this new effect. Instead, the zero value point of the forward-backward asymmetry,ŝ 0 , is known to be quite insensitive to the hadronic uncertainty. In the maximal case, the deviation ofŝ 0 from the SM value is about 5%, which is expected to be probed in near future.
We have also found the following characteristic features:
• The best chance to observe the custodial bulk RS model effect is through b → s e + e − due to the suppressed couplings of µ + -µ − -Z (n) and τ + -τ − -Z (n) . And C LL is dominant, and C LR is the second dominant.
• Two other decays of b → sµ + µ − and b → sτ + τ − have dominant vertex of C LR .
Unfortunately, their magnitudes are too small for experiments to probe in near future.
• Other non-diagonal decay modes of b → sl + i l − j (i = j) are quite suppressed in this model.
Based on these observations, we suggested new phenomenological signatures to probe the custodial bulk-RS model. The first one is the ratio of two differential decay rates of B → K * e + e − and B → K * µ + µ − . Upon taking the ratio, the hadronic uncertainty in the calculation of form factors becomes negligible. Since two decay modes in the SM have almost the same decay rates with slight kinematic difference from the lepton masses, dominant new physics effects only for B → K * e + e − leads to sizable deviation from the SM result.
For M
A = 2 (4) TeV, the deviation can reach about 20% (7%). We also showed the ratio of partially integrated decay rates, which shows also about 10-20% deviation from the SM results. This deviation is expected to be observed in near future.
